Study design A retrospective clinical study. Objective To evaluate the outcomes of two-level (T12 and L3) pedicle subtraction osteotomy (PSO) for severe thoracolumbar kyphosis in ankylosing spondylitis (AS), and to discuss the surgical strategies of this surgery. Background Cases were limited on the results of twolevel PSO for correction of severe kyphosis caused by AS, nor on surgical strategies of this type of surgery. Methods From March 2006 to December 2010, nine consecutive AS patients with severe kyphotic deformity, underwent T12 and L3 PSOs. Chin-brow vertical angle (CBVA) and radiographic assessments which contain thoracic kyphosis (TK), lumbar lordosis (LL), global kyphosis (GK), and sagittal vertical axis were carefully recorded pre and postoperatively to evaluate the sagittal balance. Intra and postoperative complications were also registered. All patients were asked to fill out Oswestry Disability Index before surgery and at the last follow-up visit. Results All nine patients (8M/1F), averaged 41.4 years old (range 35-51 years), were received two-level (T12 and L3) PSO, and were followed up after surgery for a mean of 39.9 months (range 24-68 months). Good cosmetic results were achieved in all patients. Mean correction at two-level PSO was 67.9 ± 5.5°. All CBVA, TK, LL, and GK were changed significantly after surgery (P \ 0.05), the mean amount of correction of which were 59.5 ± 13.8, 34.7 ± 3.8, 33.2 ± 2.4, and 54.0 ± 14.8 degrees, respectively, and with a small loss of correction at the last followup visit. Sagittal imbalance was significantly improved from 27.3 ± 4.4 to 3.4 ± 0.7 cm postoperatively. Neither mortalities nor any major neurological complications were found. The mean ODI score was significantly improved from 53.4 ± 15.5 before surgery to 8.2 ± 4.7 at the last visit. Conclusion The outcomes of follow-up showed that twolevel (T12 and L3) PSO can effectively and safely correct severe thoracolumbar kyphosis in AS.
Introduction
Ankylosing spondylitis (AS) is a common inflammatory rheumatic disease predominantly affecting the sacroiliac joints and spine [1, 2] . The interaction between chronic inflammation and spine is primarily characterized by progressive ossification of the spinal ligaments and facet joints, which eventually leads to a fixed and stiff spine accompanying with vertebral osteoporosis [3] [4] [5] [6] . In late stage, AS is often associated with a sagittal deformity, resulting in deformed appearance cosmetically and a high degree of functional handicap of daily activity. This kyphotic deformity may make spine muscles under continuous strain and generate increasing back pain attributable to muscle fatigue [5] . The deteriorated thoracolumbar kyphosis even involves visceral compression resulting in intra-abdominal complications or impaired respiratory function [7] .
Surgical treatment is always adopted to correct kyphosis in advanced AS, to reconstruct the spine sagittal balance and to restore the patient's capacity to look straight ahead [5, 8] . Smith-Petersen osteotomy (SPO), pedicle subtraction osteotomy (PSO) and vertebral column resection (VCR) have been advocated and extensively used in orthopedic surgery, all of which manipulate the position of the spine by either lengthening or shortening a designated spinal column (anterior or posterior), for achieving a specific amount of correction. In 1945, Smith-Petersen first described SPO as an operative technique to correct kyphotic deformity secondary to AS [9] , where once the appropriate osteotomy level is identified, the segmental structures of posterior column are removed bilaterally. Generally, approximately 10 degrees of correction can be obtained at each osteotomy level. And PSO, a V-shaped wedge resection of the vertebral body, involving bilateral pedicles and posterior elements, was first introduced to correct AS kyphosis by Thomasen in 1985 [10] . This type of osteotomy, typically performed at L2 or L3, which is the normal apex of lumbar lordosis, can obtain a correction of 30-40°at one osteotomized segment [3] [4] [5] [11] [12] [13] [14] . While VCR is a formidable last resort technique reserved for the most tenacious spinal deformities which are not amenable to other osteotomy techniques such as the SPO or the PSO, it has been suggested for the treatment of spinal tumor, congenital kyphoscoliosis as well as for hemivertebrae excision [15] .
In the clinical practice, for some AS patients presenting late to hospital with severe global thoracolumbar kyphotic deformity, one-level PSO usually cannot achieve the expected correction. Although VCR could obtain enough correction, it is not fully suitable for the treatment of global sagittal imbalance. Thus, some authors recommended two-level PSO to complement the correction insufficiency [5, 11, 12] . Yet still, these articles did not talk about surgical strategies of two-level PSO for severe AS kyphosis in detail. Therefore, we aim to evaluate the clinical outcomes regarding this procedure and discuss the surgical strategies of this orthopedic surgery.
Materials and methods

Patients
Nine AS patients (8M/1F), averaged 41.4 ± 5.7 years old (range 35-51), with a minimum 2-year follow-up after twolevel (T12 and L3) PSO for AS-related kyphotic deformity, were reviewed between March 2006 and December 2010 (Table 1) . Patients with pseudoarthrosis, fractures, or serious comorbidities were excluded. The chief complaint from patients was low back pain or inability to look straight ahead. Some patients with low bone mineral density acquired anti-osteoporosis treatment for 1-3 months before and after operation.
Radiologic and clinical assessment
Standing anteroposterior and lateral radiographs were performed before and immediately after operation, and at every follow-up visit (3 months, 6 months, 1 year, and 2 years after surgery). Radiologic measurements included: thoracic kyphosis (TK), lumbar lordosis (LL), global kyphosis (GK) and sagittal vertical axis (the horizontal distance from a vertical plumb line centered in the middle of the C-7 vertebra body to the posterosuperior corner of the S-1 endplate).
Chin-brow vertical angle (CBVA), defined as an angle measured between a line from the brow to the chin to the vertical while the patient stood with hips and knees extended [16] , was registered using pre and postoperative clinical photographs of the patients.
Clinical outcome was assessed preoperatively and at the last follow-up visit using the Oswestry disability index (ODI) questionnaire [17] .
Statistics analysis
The statistical analysis was performed using GraphPad Prism (Version 5.0 GraphPad software Inc, California, USA). Paired Sample t test was used to compare the pre and postoperative clinical and radiographic data with a significance level of 0.05 (P value). The results are reported as mean ± standard deviation (SD).
Surgical techniques
Fiberoptic intubation preceded the introduction of general anesthesia. Patients were placed in prone position on a special operating table (Fig. 1) , which was flexed in a reverse V shape, to accommodate the severe kyphotic spine and to adapt simultaneously to the correction of kyphotic deformity while surgery proceeded. The spine was exposed through a standard posterior midline approach centering over the level of the osteotomy. The posterior elements were exposed by subperiosteal dissection as far laterally as the transverse processes. Transpedicular screws were inserted into at least two adjacent vertebrae levels proximal and distal to the osteotomy. T12 osteotomy was performed firstly. Meanwhile, the incision below the next osteotomy segment was temporarily closed with towel clip to reduce patients' body temperature and blood loss as possible. The ribs on the affected level were transected 3-4 cm lateral to the costotransverse joint, and the pleura was bluntly separated from the vertebrae. The rib heads at the corresponding level, as well as the transverse process, were also carefully excised, remaining extrapleural. The posterior elements and pedicles were then resected (Fig. 2a) . Partial laminectomy was performed at the adjacent vertebra to minimize any dural impingement at the time of PSO closure. Then the dura and bilateral nerve roots were exposed. A unilateral temporary short rod was mounted upon the pedicle screws opposite the osteotomy side to prevent sudden translation and inadvertent displacement. The dura and nerve root were gently retracted and protected with a nerve retractor. Then, a hole was drilled down through the identified pedicle into the vertebral body on the osteotomized side. The cancellous bone within the vertebral body was removed bilaterally with curettes and rongeurs in a wedge-shaped fashion, where the base and the apex were the posterior wall and the mid-point of anterior surface of the vertebra, respectively. Subsequently, the posterior wall of the osteotomized vertebra was pushed down into the wedge-shaped cavity with reversed-angle curette. Under direct vision of the dura and nerve roots, the osteotomy closure was carried out with the anterior cortex acting as a hinge. By repeatedly loosening and tightening the pedicle screws on the temporary rods and applying compressive forces on the adjacent screws, the osteotomy gap was completely obliterated (Fig. 2b ). In the process of osteotomy closure, the operative table was gradually straightened. More attention was taken to check whether there was inadvertent translation of the vertebral column, or excessive dura buckling. Evaluate the residual degree of deformity correction assisted by X-ray fluoroscope. The same operative procedure was performed in next osteotomy level. In the end, the long permanent titanium rods were fixed with pedicle screws instead of temporary ones. During the entire process of osteotomy, effective use of thrombin-soaked gauze, gel foam or bone wax on the raw surface was critical if it bleeded profusely. Bone grafting was performed after bilateral laminae, transverse processes and facet joints above and below the osteotomy levels had been decorticated. Somatosensory-evoked and motorevoked potentials were continuously monitored during operation. All patients underwent the intraoperative wakeup test after completing instrumentation. The patients were allowed to start walking 2 weeks after surgery and should entail immobilization with thoracolumbosacral orthosis for 3-6 months until the bony union.
Surgical decision making
Decision-making of two-level PSO was primarily dependent on the preoperative planning and intraoperative assessment. Preoperatively, the clinical examination could provide more valuable information than radiographs, of how much correction was desired to restore a balanced upright position, due to the compensation not inevitably observed on films. Correction of 30-40 degrees could usually be achieved by single-level PSO, as more correction was needed, two-level PSO was suggested and considered better. The designated osteotomy sites were located considering the type of kyphotic deformity, the location of the apical vertebrae, SVA, as well as the required correction. During the surgery, the amount of correction was first estimated after T12 osteotomy with an intraoperative lateral radiograph. Residual amount of correction was accomplished by L3 osteotomy. Proximally the instrumentation Fig. 1 Position of the patient on the operating table Fig. 2 Diagrams of PSO. a Lateral view of the margins to be resected. b Postoperative lateral view shows the corrected spine with pedicle screws implanted above and below the osteotomy site was always extended two levels above the most proximal level of osteotomy. And the instrumentation was stopped at L5 in patients with well-preserved L5-S1 disc. Otherwise, the instrumentation was extended to sacrum.
Results
Operative results
Two-level (T12 and L3) PSO was performed in all patients. The median operation time was 402.8 ± 50.3 min (range 320-490 min). The median bleeding was 3311 ± 523.1 ml (range 2100-3900 ml) ( Table 2 ). All patients required 2-4 units of packed red blood cells transfusion and autologous blood transfusion intraoperatively.
Radiographic and clinical results
Radiological fusion was achieved in all patients at the final follow-up (Figs. 3c, 4c ). Evidence of bridging trabeculae and absence of motion on dynamic films were regarded as conclusive evidence of fusion. No pseudarthrosis at the osteotomy sites, secondary junctional kyphosis at segment above proximal instrumented vertebrae or instrumentation failure were observed. The clinical and radiographic results were listed in Table 3 . TK, LL, GK, SVA, and CBVA significantly differed between pre and postoperative images. At the final follow-up, all patients could look straight ahead but with some loss of sagittal balance (Figs. 3, 4) .
Complications
Neither neurologic nor vascular complications were found in our series. Perioperative complications included dural tear, subluxation of the osteotomy site and paralytic ileus (Table 4) . Two dural tears occurred due to adhesion to the ossified ligamentum flavum. In these two cases, dura was sutured with spongostan placed on and full recovery was achieved at last. Sagittal subluxation was observed in one patient during the closure of L3 osteotomy. The spine was immediately stabilized with a temporary pre-bent rod to prevent further translocation at the osteotomy site. Then, reduction maneuvers were performed after checking the tension of the dura and nerve roots. Postoperatively, no complications were found in this patient. Four patients developed paralytic ileus, which resolved after gastric intubation and restriction of oral intake.
Clinical outcome
The mean ODI improved from 53.4 ± 15.5 before surgery to 8.2 ± 4.7 at the last visit (Fig. 5 ).
Discussion
Ankylosing spondylitis commonly affects the axial skeleton, leading to flattening of the normal lumbar lordosis and an exaggeration of the thoracic kyphosis. This deformity is functionally and psychologically disabling [18] . Therefore, surgical intervention should be adopted to correct deformity, to help the patient walk erect, and to improve balance and gait efficiency. Nowadays, PSO is a traditional and popular surgical technique for treatment of fixed sagittal deformity secondary to AS [3-5, 11-13, 19] . This type of osteotomy is carried through all three columns of the spine, obviating the need for anterior exposure and its associated complications. With its indications growing, PSO has been modified to treat some fixed sagittal plane deformities for a variety of disease states including tuberculosis, trauma, and postsurgical conditions [12, 20, 21] . In general, the mean correction of a standard lumbar PSO is about 35° [5] . Some authors have reported that more than 50°of correction for severe kyphotic deformity could be achieved with modified PSO [20, 22] . To date, however, only a few articles have reported the results of two-level PSO for AS kyphosis. In 2001, Chen et al. [11] reported the results of 14 two-level PSOs as a subset of a large cohort of primarily one-level PSOs. These investigators obtained a mean correction of 62.6°in these 14 cases. In another article describing the outcomes of PSO for correction of AS-related kyphosis, Kiaer et al. [5] reported the results of 15 two-level PSOs, also only as part of a large series of one-level PSOs. However, until now, there is a paucity of information describing the surgical strategies of two-level PSO. In our cohort, patients with severe global thoracolumbar kyphosis in advanced AS, if the overall correction of 60°or more was expected, were given two-level (T12 and L3) PSO. This intervention offers several advantages. First, comparing with a single lumbar PSO, two-level PSO can produce more improvements in global sagittal balance and general contour. Second, in a harmonious manner, not only can it spread the cord-level correction over multiple segments, thereby minimizing the potential hazard of focal neurological injury during correction, but also can maintain segmental control at intervening levels, as well as decrease the risk of pedicle screw loosening or migration when a compressive force onto the head of the screw was applied to close the osteotomy site.
The effect level of osteotomy has been discussed in the literature [5, 11, 13, 14] . Several surgeons [5, 11, 14] deem that the lower the osteotomy site is, the more correction by PSO is produced. Chen et al. [11] observed that the maximal correction could be obtained when the osteotomy was performed at L2 or L3, by comparing correction ability of PSO at different osteotomy sites for AS-related thoracolumbar kyphosis. In this series, considering the type of kyphotic deformity, we chose T12 and L3 as the osteotomy sites. T12 and L3 were the apical vertebrae of global thoracolumbar kyphosis and the normal lumbar lordosis in AS, respectively, which were tailored to the specific anatomic biomechanical considerations present in our cases. Therefore, as two angular lesions, these two vertebrae were attacked directly to achieve a favorable general appearance. Besides, L1 and L2 were left intact in between thus making the surgery procedure in a more harmonious pattern.
The key of surgical intervention is to restore spinal sagittal balance and return the gaze to the horizontal. In another word, the desired amount of correction is needed to bring the center of C7 vertebral body directly over S1 endplate with patients' lower extremities in extension, as well as to correct the CBVA. In addition, it is noted that, in AS-related kyphotic deformity, spinal sagittal imbalance is partly compensated by movements in the lower extremities (hips in extension, knee, and ankle joints in flexion), which exert a strong effect on the value of SVA [23, 24] . So to avoid correction insufficient, we will consider the compensatory effect before corrective procedure. Besides, we authors observed that the cervical flexion-extension range of motion, to some extent, can offer more choices for strategy correction. With all considerations above, in this series, the patients with two-level PSO obtained a mean correction of 67.9°and returned the gaze to the horizontal without deformity recurrence.
Osteoporosis, which is now a well-recognized feature in AS patients, may result in implant loosening and pain [11] . If unaddressed, it may compromise the stability of the construct. Therefore, to reduce the risk of fixation failure and poor results, in our series the patients with severe low bone mineral density have been given calcitonin for treatment of osteoporosis for 1-3 months before and after surgery.
Blood loss during the osteotomy has been deemed as a matter of concern. In order to reduce the blood loss during the procedure, we take the following actions. First, patients were routinely given vitamin K and tranexamic acid for 2 or 3 days after surgery to reduce perioperative blood loss. Second, because the substantial bleeding was not only from the raw bony surfaces attributable to resection of pedicles and the osteotomy through the vertebrae, but also from rupture of epidural venous plexus, we found it critical to effectively use bipolar electrocautery, gel foam, bone wax and thrombin to control bleeding. Third, minimize the blood loss during the surgical exposure as much as possible. For example, rather than a large incision at the very beginning, we recommended using 'extensile' incisions that can at anytime be increased in length if more access was required. In addition, as extensively exposed incision can easily result in surface temperature and blood loss of the patients in subcutaneous tissue, when the first PSO was performed, the incision below the next osteotomy segment was temporarily closed with towel clip to prevent it.
In our series, the incidence of paralytic ileus was higher than other complications and was assumed to be associated with elongation of the anterior spinal column, which might have caused tension on the abdominal mesentery vessels or organs. Especially, this effect would be more marked in cases of long-standing spinal kyphotic deformity and continual compression of the upper abdominal viscera by the rib margin. During the observation period, there was no case of secondary junctional kyphosis at segment above proximal instrumented vertebra. These patients benefit from sticking with the treatment of osteoporosis and good compliance with medical supervision. Incidence of neurological deficits has been reported to be high after PSO [25] . Neurologic deficits mainly occur from compression due to translation of a vertebral body, excessive dural kink and central canal compromise [11, 26] . There were no neurologic complications in our series. We accredit this achievement to the meticulous surgical technique and complete spinal decompression. Of note, remove enough bone to accommodate the redundant dural sac. On the other hand, obviate dorsal nerve compression was created by the closure of osteotomy. Perform wake-up test after closure of the second osteotomy.
In conclusion, two-level (T12 and L3) PSO can produce sufficient correction and help the patients gain improvements in either cosmetic or function for severe global thoracolumbar kyphosis resulting from AS. Of course, this study has its own limitations: SVA as the only main spinal parameter was adopted to evaluate the sagittal balance after surgery, without using any pelvic parameters (pelvic incidence, pelvic tilt, sacral slope) to assess pre and postoperative sagittal spinopelvic alignment. Another potential weakness of our study is that as it was a small group study, more cases or a controlled study are needed to be reviewed to further confirm the feasibility, reliability, and complications of this method. Indicates the measurement of GK was calculated between the same segments before and after surgery LL lumbar lordosis, TK thoracic kyphosis, GK global kyphosis, SVA sagittal vertical axis, CBVA chin-brow vertical angle * Indicates a statistically significant difference comparing preoperative and postoperative values (P \ 0.05) Subluxation of the osteotomy site 1 Fig. 5 Scatter plot shows the ODI scores of every patient preoperatively and at the last follow-up, with significant difference (t = 8.206, P \ 0.0001). The same color of the dot represents the same patient
